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Quantum chemical calculations at M06-2X/6-311+G(2d,2p) level were employed 
to examine the structures, dissociation energies and vibrational spectra of complexes 
formed by Li+, Na+ and K+ with diphenylmethane, 1,2-diphenylethane, 1,3-
diphenylpropane, [2.2]paracyclophane and [3.3]paracyclophane molecules. The effect of 
heteroatom substitution in the connecting chains of 1,3-diphenylpropane and 
[3.3]paracyclophane molecules on the binding affinity of cations with ligands was also 
included in this study. The complexes of [3.3] paracyclophane based molecules seem to 
have weak cation- interactions with metal ions Na+ and K+ when they were placed 
between two rings. The binding affinity of the metal ion varies from the ligands 
possessing single fusion to double fusion of alkyl chain (or hetero substituted alkyl chain) 
with two benzene rings. Vibrational frequencies related to metal-ligand stretching, C-H, 
N-H, and P-H stretching are useful to characterize the complexes with different metal 
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        Cation- interactions show dominance in many scientific disciplines including 
chemistry, biology, and materials science. They are considered significant contributor of 
nonbonding interactions in macromolecular structures, protein-protein interactions, drug-
receptor interactions, and neurobiology.1-5 They are frequently determined as strong 
attractive interactions between the cation and the -system. Several computational and 
experimental investigations involving cation- interactions in the gas phase have been 
published in last two decades.6-14 The fundamental nature of the cation-π interactions has 
been described in important gas phase studies. It should be noted that cation-π 
interactions remain energetically significant in aqueous media and under biological 
conditions.1 Recently, molecular-level mechanical measurements have shown that cation-
π interactions provide strong cohesive abilities.15  
      Understanding the nature and character of cation-π interactions in nanotechnology 
is needed to aid in designing of new materials.16 Gebbie et al. have demonstrated that 
interfacial confinement fundamentally alters the energetics of cation-π mediated 
assembly. Nanoscale force measurements in combination with solid-state NMR 
spectroscopy were used to show the energetics of cation-π driven self-assembly of simple 





considered crucial for environmental science and mineral surface chemistry.18 Energy 
decomposition analysis (EDA) indicates that cation- interactions essentially include 
electrostatic, inductive, and charge transfer effects.19 Previous studies suggested that 
cation- interactions are primarily electrostatic interactions since a positively charged 
cation interacts with a negatively charged electron cloud of -system.20-22  
            The strength of cation- interactions depends on several criteria such as the nature 
of the cations, the substituents on the -system as well as solvent.2,23-28 For example, the 
strength of cation- interactions between alkaline earth metal dication and benzene is 
comparable to covalent interactions.12 The cations included in cation- interactions could 
be metal or organic cations. It is important to obtain knowledge on the influence of size, 
shape, charge or polarity of π-molecular systems for effective designing of 
supramolecular assembly stabilized by cation-π interactions.6 The effect of substituents 
on the cation- interactions has stimulated widespread interest. Notably, some 
computational studies examined the origin of stabilization of cation-π complexes.8,13,20,23-
24,29-40 
      Dougherty and co-workers stated that a complete quantitative description of the 
cation- interaction can be obtained only by considering many fundamental 
intermolecular forces. They also highlighted that the electrostatic interaction plays a 
prominent role and that the magnitude of the electrostatic energy explains the variation in 
binding energies of cation- interactions.30-31 The electrostatic energy changes greatly by 
the substituents of the benzene ring. Ma and Dougherty revealed that non-electrostatic 





important source of the attraction in case of cation- interactions since the electric field 
produced by the cation is very strong.41 A large basis set is necessary to accurately 
evaluate molecular polarizability by ab initio molecular orbital method.42-44  
Wheeler and Houk showed that substituent effects on cation- interactions are 
mainly due to through-space effects of the substituents.25 Cation-  interactions were 
studied with other noncovalent forces especially, - interactions as well as the hydrogen 
bond interactions.2,28,45-50 The strength of - interactions was changed by the existence 
of cation- interactions involving  alkali or alkaline earth metal ions.45-47 Notable 
progress has been realized on the understanding of C-H…,  N-H…, and O-H… 
interactions through investigations of these interactions using benzene and substituted 
benzene systems.51-57 
      Cation- interaction is a significant concern for the selectivity of K+ channel29,58 
and for the helix stability.59 By using vibrational spectroscopy, Lisy and co-workers 
reported the competitive binding of K+ with benzene and water.60 It has been observed 
that K+ demonstrated higher selectivity to interact with an aromatic complex in an 
aqueous environment compared to Na+.61 This suggests a size-specific mechanism for 
interaction of alkali metal ions with aromatic side chains in some K+ channel proteins. 
Numerous weak cation- interactions produce high binding energies for the cation- 
complexes when metal ions are placed inside cage or cup shaped ligands.9  
        The cation-π interaction is recognized as an important noncovalent binding 
interaction relevant to structural biology.20 Gallivan and Dougherty identified and 





interactions commonly occur in protein structures when a cationic side chain (Lys or 
Arg) is near to an aromatic side chain (Phe, Tyr, or Trp), the geometry is biased toward 
one that would experience a favorable cation-π interaction. The side chain of Arg is more 
likely than that of Lys to be in a cation- interactions Among the aromatics, a strong bias 
toward Trp is clear, such that over one-fourth of all tryptophans in the protein data bank 
experience an energetically significant cation- interaction 
Benzene rings connected by carbon bridges are termed as cyclophane.62 The 
compounds [2.2]cyclophanes are the simplest [2n]cyclophane type of organic compounds, 
which contain two benzene rings connected by n-ethane bridges, where  2  n  6.63 
Although the first synthesis of a cyclophane was reported in 1899,64 chemists showed 
tremendous interest in cyclophanes in the last seven decades after the pioneering works 
of Bown65 and Cram.66  The structural features of [2n]cyclophane make them attractive to 
investigate in different perspectives such as interplay between strain versus aromaticity,67  
the role of transannular effects (through-bond and through-space interactions),68-71 the 
effect of substitutions in transannular - interactions,72-73 chemical shift in aromatic 
system,74 and intramolecular charge transfer processes.75-76  
Cyclophanes, which are a large class of molecules, showed potential applications 
as selective catalysis in chemistry and enzymatic functions,77-78 in optoelectronic 
devices,79 as precursors of nonlinear optical materials,80 supramolecular chemistry,81 
biomedical areas,82 and in the preparation of artificial receptors.83-84  
[n.n]paracyclophanes are considered as building blocks for various supramolecular 





importance of through-space interactions of [2.2]paracyclophanes-oligo(p-
phenylenevinylene) molecular wires for photovoltaic applications using quantum 
chemical calculations.70 Owing to the importance of sensors in industrial and clinical 
applications, it is important to develop sensors that are capable of recognizing and 
sensing ions or neutral molecules of different types. Cyclophanes can serve as a host to 
recognize wide variety of guests.87 Thus, they have a potential application in molecular 
sensing. Computational studies are helpful in designing and predicting of new as well as 
efficient sensors. Das and Abe used density functional theory (DFT) and nonequilibrium 
Green’s functions (NEGF) formalism to understand the electronic and transport 
properties toward designing of cyclophane-based molecular wire sensors.88  
Computational studies reported the geometries and electronic structures of 
selected (donor, acceptor-substituted) cyclophanes using DFT and MP2 methods.89-90 
Often, the studies compared the computational results of geometries and spectra with the 
available experimental data. Mori et al. examined the chiroptical properties of 
paracyclophanes with and without donor-acceptor interactions using experiments and 
quantum chemical calculations, which were used to understand the optical rotations, 
vibrational and electronic circular dichroism (CD) spectra.90 Majerz and Dziembowska 
have investigated aromaticity and through-space interaction between aromatic rings in 
[2.2]paracyclophanes using atoms in molecule (AIM) method, noncovalent interaction 
(NCI) method, and harmonic oscillator model of aromaticity (HOMA) index. 
Comparison of the results of AIM and NCI analyses revealed little effect of substituents 





spectroscopy and quantum chemical calculations at the DFT level were used to elucidate 
the long-standing controversies concerning the symmetry of the unsubstituted 
[2.2]paracyclophanes. This study also included three new structures of 
[2.2]paracyclophanes derivatives to understand the interplay between theory and 
experiment.91 
Strain energies, conformation and rotational barriers of [2.2]-, [3.3]-, and [4.4]- 
paracyclophanes were explored using DFT methods. Strain energy decreases by 
increasing tether length in paracyclophanes. Thus, [4.4]paracyclophane is nearly strain-
free. The activation barrier for conversion of cis to trans conformer calculated using DFT 
methods is in close agreement with the experimental result of 12.29  0.08 kcal/mol. The 
phenyl group of [4.4]paracyclophane can rotate through the macrocycle and the barrier 
for this rotation was predicted to be 18-20 kcal/mol by DFT methods.92  
In general, cyclophanes that act as -ligands have ability to strongly bind with 
alkali metal, alkaline earth metal or transition metal ions.28,40,63,69,93-97 Interactions 
involving cyclophanes and metallic cations can be classified as cation- 
interactions.2,69,94-96 The binding affinity of metal ions with [2.2]paracyclophane is 
reported to be higher than that of benzene and this was attributed to a decreasing 
repulsive interaction between the aromatic rings.72,98 Formation of metal ion complexes 
with cyclophane depends on the size of the cavity and the size of the metal ion. In case of 
large metal ions or small cavity, the metal ion forms complex at the outer face (above 
single six-membered ring) of the cyclophane. [2.2]paracyclophane was used as a guest in 





investigation.99 Cyclophanes are better -donors than benzene. Thus, they show higher 
tendency to form -complexes with acceptor molecules.72 Frontera et al. investigated the 
binding of cation (Li+ and Na+) with [2.2]paracyclophanes and [3.3]paracyclophanes 
using the post HF procedure of traditional MP2 method and the resolution of identity 
MP2 (RI-MP2) method, which uses an auxiliary fitting basis set to avoid treating the 
complete set of two-electron repulsion integrals. They revealed that the complexation of 
the cation reinforces the - stacking interaction of the [2.2]paracyclophanes and 
[3.3]paracyclophanes. Furthermore, they disclosed the strong influence of the substitution 
of the “spectator” (lower) ring in both the binding energy and the equilibrium distance of 
the complexes, indicating through-space interactions.69  
Diphenylmethane is the compound possessing two benzene rings that are 
connected by a bridge of single carbon. Diphenylmethane derivatives have interesting 
biological properties and several bioactive molecules contain a diphenylmethane 
moiety.100-101 Efforts were made to find simplified procedure to obtain pure substance of 
diphenylmethane.102 Friedel-Crafts alkylation and Friedel-Crafts acylation followed by 
reduction are generally reported methods for the synthesis of diphenylmethane. However, 
Wei et al. demonstrated one step synthesis of diphenylmethanes.103 Crystal structure of 
diphenylmethane was also known over three decades ago. There were five conformers 
(with two structures of C2v
 point group, one structure of C2 point group and two structures 
of Cs point group) of diphenylmethane explored using computational methods. The 
geometries of diphenylmethane were also compared with the ring-substituted 





was reported to be virtually unrestricted both kinetically and thermodynamically.104 The 
compounds 1,2-diphenylethane and 1,3-diphenylpropane have the bridge length of 
correspondingly two and three carbon atoms between two benzene rings. These two 
compounds were the subject of experimental and computational studies.105-107 Different 
conformers of 1,3-diphenylpropane were explored.107  
Okamoto et al. reported photoreaction of a 2,11-diaza[3.3]paracyclophane 
derivatives that undergo photochemical dimerization of benzene to form octahedrane. 
However, the carbon-bridged analogue [3.3]paracyclophane did not produce similar 
octahedrane compound.108 It should be noted that photolysis of carbon-bridged 
cyclophanes yielded polycyclic compounds through complex rearrangements.109-110 For 
example, nitrogen bridging opened the new photoreaction pathway of benzene.108 
Heteroatom substituted in the bridge chain of paracyclophanes has been the interest of 
synthetic chemists and crystallographers.111 Since the bridge chain has influence on 
several properties and applications, the impact of bridge chain on cation- interactions 






Scheme 1. Structures of ligands considered. 
 
In this thesis, the writer has studied the cation- interactions of alkali metal ions 
(Li+, Na+, and K+) with the ligands possessing two six-membered -aromatic rings 
connected by alkyl chain(s) and the same ligands with hetero-substitutions (NH, PH, O 
and S) in the connecting chains. The structures of the ligands considered in this study are 
showed in Scheme 1. The cation- interactions are examined in two positions (a) outside 
means metal ion above one six-membered ring; (b) metal is placed between two benzene 
rings (called inside the cage). The goal is to obtain knowledge on the effect of extending 
alkyl chain that connects two benzene rings at para positions and the substitution of 
heteroatoms in the connecting alkyl chain on cation- interactions. The electron density 






all structures. The infrared (IR) spectra were analyzed to identify recognizable signatures 
















COMPUTATIONAL DETALIS  
 
 
2.1. Density Functional Theory  
In this research, density functional theory (DFT) level calculations were used. 
DFT is considered the best method for the calculation of the ground-state properties of 
electronic systems considering the computational cost and accuracy. DFT methods have 
been widely applied in organic chemistry, materials science, bioinorganic chemistry, etc. 
and more specifically in the modeling of structures, properties, and chemical reactions or 
processes.112 The computation of wide range of molecular properties with DFT provides 
a close relation between theory and experiment and often leads to significant evidences 
about the geometric, electronic, and spectroscopic properties of the systems being 
studied. DFT methods particularly in chemistry have been widely applied only after 
1990.113 The Kohn-Sham equation is the one electron Schrödinger equation of non-
interacting particles (typically electrons) that produce the same density as any offered 
organization of interacting particles.112  
 For several years, B3LYP functional has been widely used in computational 
chemistry. However, it is not reliable for dealing with - stacking interaction.92,114-118 
Comparison of the computational results on the geometries of a series of paracyclophanes 





functionals provide quite reasonable geometries. B3LYP functional predicts the 
geometries with long inter-ring distances because it underestimates the dispersive 
interactions between two aromatic rings whereas the standard MP2 method overestimates 
such dispersive interactions.92 Kamya and Muchall reported that B3LYP/6-31+G(d,p) 
level reproduces the bond lengths and angle very well but, it predicts a geometry close-
to-D2h symmetry. Thus, B3LYP fails to reproduce the important structural property, i.e., 
the degree of twist in the methylene bridge.89 Also, B3LYP functional overestimates the 
strain energies of [2.2]-, [3.3]-, and [4.4]-paracyclophanes.92 It is worth mentioning that 
the dispersion corrected density functional theory methods are very efficient practical 
alternative to the electron correlated methods of high-level ab initio such as MP2 or 
CCSD(T). BH&H functional has the ability in reproducing the potential energy surfaces 
of stacked benzene rings and nucleic acid bases as well as the lowest-energy conformers 
of many stacked aromatic compounds. In this thesis work, M06-2X functional was 
chosen because of its reliability for geometries, binding energies and vibrational 
frequencies of cyclophanes and their binding with metal ions.  
 
2.2. M06-2X Functional 
 
      The M06 suite of density functionals were developed by Zhao and Truhlar. M06 
and M06-2X are hybrid meta exchange-correlation functionals.119 These two functionals 
along with local functional of M06-L and the full-Hartree-Fock functional of M06-HF are 
collectively known as M06 suite of complementary functionals. M06 functional is 
parametrized for the transition metals and nonmetals whereas the M06-2X functional is 





the amount of nonlocal exchange (2X) compared to M06 functional. M06-2X functional 
was recommended for investigations of main group thermochemistry, kinetics, 
noncovalent interactions, and electronic excitation energies to valence and Rydberg 
states.119 M06-2X functional was employed in this study involving noncovalent 
interactions. In M06-2X functional, M stands for Minnesota density functional and 06 
indicates to the 2006 family of Minnesota functionals, and 2X is double the amount of 
nonlocal exchange of M06. The hybrid Minnesota density functional show very good 
performance for thermochemistry, e.g. M06-2X.120 The local parts of the M06 and M06-
2X functionals119 depend on three variables: spin density (𝜌𝜎), reduced spin density 
gradient (𝜒𝜎), and spin kinetic energy density (𝜏𝜎): 
    𝜒𝜎 = 
|∇𝜌𝜎|
𝜌𝜎4/3
 ,               𝜎 = 𝛼, 𝛽 








2.3. Basis Set  
      In theoretical and computational chemistry, a basis set is a set of functions (called 
basis functions) that is used to represent the electronic wave functions. This work used a 
6-311+G(2d,2p) basis set for all calculations; 6-311+G(2d,2p) basis set is a split valence 
triple- basis set with added polarization functions (two sets of d functions on heavy 
atoms and two sets of p functions on hydrogen) and diffuse functions (+ indicates diffuse 
functions on heavy atoms). 
 Polarization functions are the additional functions that are added with the basis 





common addition to basis sets is the addition of diffuse functions that are extended 
Gaussian basis functions with a small exponent. Diffuse functions give flexibility to the 
“tail” portion of the atomic orbitals that are far away from the nucleus. They are crucial 
for describing anions or dipole moments, but they can also be important for accurate 
modeling of inter- and intra-molecular interactions.  
 
2.4. Counterpoise Method  
       In this work, counterpoise (CP) technique proposed by Boys and Bernardi was 
used to calculate the basis set superposition error (BSSE) correction.121 For nonbonding 
interactions, BSSE correction is important when small basis sets are used. Here, binding 
energies with and without BSSE corrections were reported. 
  
2.5. Calculations  
       All ligands and their alkali metal-ion (Li+, Na+, and K+) bound complexes were 
optimized using M06-2X119 functional with the 6-311+G(2d,2p) basis set. In preparing 
complexes, the metal ion was placed above the center of six-membered ring [outside (o)] 
and was independently placed between two six-membered rings [inside (i)] of the 
ligands. The binding energies were calculated using the following equation: 
 = − [(complex) − (ligand) − (cation)] 
      The binding energies were corrected for basis set superposition error (BSSE) to 
report the binding energy with BSSE correction (EBSSE). The change in zero-point 
vibrational energy (ZPVE) for the complexation process was calculated and added with 





Dissociation energy was obtained using the following equation:      
D0 = BSSE + ZPVE 
            Harmonic vibrational frequency calculations were performed for all ligands and 
complexes to obtain the ZPVE and confirm that all structures are true energy minimum 
by the absence of any imaginary frequency. The vibrational frequencies were analyzed to 
understand the cation-ligand interactions. Mulliken charges were reported at the M06-
2X/6-311+G(2d,2p) level and analyzed the results. Molecular electrostatic potential 
(MEP) surfaces were generated for all ligands considered using the electron density 
obtained at the M06-2X/6-311+G(2d,2p) level. 
   
2.6. Software   
 Spartan ’16 software was used for obtaining the Cartesian coordinates of all the 
ligands and complexes.122 The geometry optimizations and vibrational frequency 
calculations at the DFT level were carried out using Gaussian ‘16 suite of program.123 All 
the pictures of molecular electrostatic potential surfaces of ligands were generated using 












RESULTS AND DISCUSSIONS  
 
 
3.1. Equilibrium Geometries 
           The M06-2X/6-311+G(2d,2p) level optimized geometries of ligands are depicted 
in Figure 1. The ligand structures were initially optimized with the highest possible point 
group. Harmonic vibrational frequency calculations were performed at the above-
mentioned level to find the minimum energy structures. The frequency calculations 
indicated that many ligands with higher-order symmetry are not stable. Following the 
normal modes of vibrational frequencies of transition states and higher-order saddle 
points, the minimum energy structures were obtained. Majority of ligands of minimum 
energy structures have C1 symmetry. However, the following ligands 1CH2, 2CH2, 
2CH2-p and 4PH possess C2, C2, D2 and C2V point groups, respectively.  
 Although the crystal and molecular structure of diphenylmethane (1CH2) is 
known, the inter-ring (center of ring to center of ring) distance was not reported. 
However, the central C-C-C angle is 112.5° that is notably smaller than any such angle 
reported for a ring-substituted diphenylmethane.104 This computational study provides the 
value of 113.2° that agrees with the experimental result mentioned above. Additionally, 

















Figure 1. M06-2X/6-311+G(2d,2p) level optimized geometries of all ligands. All 
distances are in Å. 
 
 It is expected that increasing the carbon chain length should increase the inter-ring 
distance. However, 1,2-diphenylethane (2CH2) and 1,3-diphenylpropane (3CH2) show 
decrease in the value of inter-ring distances by 0.27 Å and 1.14 Å compared to 1CH2. 
The decrease in the value could be explained by the - interaction between the aromatic 
rings in 2CH2 and 3CH2. To the best of the writer’s knowledge, the inter-ring distance 
for 1,2-diphenylethane (2CH2) and 1,3-diphenylpropane (3CH2) is not available 
experimentally. Combined experimental and computational study for 3CH2 revealed 
three extended torsional isomers (tt, tg, and gg).107  
The [2.2]paracyclophane, which has a pair of benzene rings linked by the bridges 
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rings. Joining of two nonadjacent carbon atoms of the aromatic rings by short aliphatic 
chains causes nonplanarity of the aromatic rings that adopt boat-like structure. The 
[2.2]paracyclophane (2CH2-p) is of special interest because it has controversies on the 
symmetry of D2h vs. D2. Experimentalists and computational chemists have investigated 
for many years to address the controversies related to the structure of 2CH2-p. The initial 
X-ray crystallographic study indicated D2h point group for 2CH2-p but the later analysis 
revealed the mutual twist of phenyl rings leading to D2 symmetry.
125,126 The X-ray crystal 
data of the twist angle is 12.6º.125 Nevertheless, Lyssenko et al. suggested the D2h point 
group for 2CH2-p using a low-temperature X-ray crystallography.127 The minimum 
energy geometry with D2 symmetry for 2CH2-p was obtained at MP2/6-31+G(d,p) level. 
The structure with reduced symmetry from D2h symmetry was reasoned to the dynamic 
disorder found in the crystal at room temperature. Using infrared (IR) spectral data, 
Walden and Glatzhofer predicted a twist angle of 3.9º.128  
Like B3LYP with many basis sets,67-68,89,126-128 calculations at HF methods with 
small basis sets predicted D2h point group for 2CH2-p.
129-130 Two different density 
functionals (PBE0 and BH&H) predicted a twist angles from 10 to 20º.89 Both MP2 and 
SCS-MP2 methods predicted a twist angle of approximately 18º.126 The M06-2X, B97-D, 
and B97X-D functionals with 6-311G(d,p) basis set predicted D2 symmetry for 2CH2-p 
with corresponding twist angles of 18.5º, 9.9º, and 15.4º.92 Bachrah reported that twisting 
from D2h to D2 reduces the energy by a very small amount (0.2 kcal/mol),
92 which is 
reproduced in the writer’s work. Thus, the D2 symmetry obtained from high level 





indicate the dynamic structure of 2CH2-p. Dodziuk et al. concluded that it is difficult to 
resolve whether the structure has the D2h eclipsed or D2 twisted structure for 2CH2-p 
because of the probable occurrence of a low-frequency mode, combining mutual twist of 
the benzene rings with the rocking ethane bridges.91 The experimental data of 
paracyclophane (2CH2-p) reported D2 point group that is confirmed by the present 
computational study. The repulsion of aromatic rings and the strain caused by the ethane 
bridges are key factors in determining the stability of 2CH2-p.91 A close look at the 















Figure 2. M06-2X/6-311+G(2d,2p) level optimized structures of all complexes with 
selected distances (in Å). The numbers in plain, underlined and italics correspond to 
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Figure 2. Continued 
 
The distance between the center of two benzene rings in 2CH2-p is 2.99 Å as 
calculated in this work. This shorter inter-ring distance indicates the repulsion between 
the two rings. Earlier study reported an approach of measuring the inter-ring distance, 
which was measured between the connecting carbon atoms of the ethane bridges. 
Different DFT functionals and MP2 produced the values in the range of 2.76-2.83 Å and 
these values are comparable to the experimental value of 2.782 Å. It should be noted that 
the substitution in the six-membered ring decreases the value of inter-ring distance.89 By 
following the same approach mentioned above, Bachrach measured the inter-ring 
distance for 2CH2-p using different computational levels. The value obtained at M06-





value of 2.782 Å. This suggests the reliability of M06-2X functional for the class of 
molecules considered in this work. Majerz and Dziembowska have made a thorough 
Cambridge Structural Database (CSD) search to find the distance between the centers of 
aromatic rings. They reported the distance in the range of 3.05-3.1 Å for 275 structures of 
[2.2]paracyclophane. The inter-ring distance of 3.1-3.15 Å was obtained for 134 
structures and the range of 3.0-3.05 Å was obtained for 28 structures.71 The inter-ring 
distance obtained for 2CH2-p in this study is very close to the latest range.   
The distance between the center of two six-membered rings of ligands 3CH2, 
3NH, 3O, 3PH and 3S are longer than the corresponding ligands of 4X type. This could 
be attributed to the fusion of alkyl or hetero-substituted alkyl with only one carbon each 
of the six-membered rings. Figure 1 shows that the inter-ring distances range 3.67–3.78 Å 
for ligands 3X and 3.19–3.40 Å for ligands 4X (where X = CH2, NH, PH, O and S). 
[3.3]Paracyclophanes (4X) possess longer bridges between the aromatic rings compared 
to [2.2]paracyclophane. Thus, the former structures result in release of strain due to 
longer tether than the later structure. The structures 4O and 4PH have correspondingly 
3.19 Å and 3.40 Å inter-ring distances. The crystal structure of 4CH2 was reported to 
have bent-boat conformation with a slight twist of one ring relative to the other.131 In 
solution, 4CH2 adopted the chair and the boat conformations.132 The energy difference 
between these two conformers calculated in the gas phase is small (less than 0.8 
kcal/mol).89 Only one conformer was considered for metal ion binding because of the 





influence in predicting the selectivity of metal ion binding in between or outside of the 
aromatic rings.    
Figure 2 also shows the complexes of metal ions with ligands. Two possible types 
of complexes are depicted: (1) the metal ion was placed above one ring [outside (o)]; (2) 
the metal ion was placed between two rings [inside (i)]. The distances between the metal 
ion and the center of aromatic ring are provided for each of the complexes. The numbers 
given in plain, underlined and italics correspond to Li+, Na+ and K+ complexes. 
Expectantly, the distances between metal ions and the ring center is shown to constantly 
increase as the size of alkali metal cations increases for the complexes produced by each 
ligand (the radii of cations 0.60, 0.95, and 1.33 (in Å) correspondingly for Li+, Na+, and 
K+). Thus, the complexes have shortest distances, due to smallest size as Li+ compared to 
other cations.  
In case of 1CH2, metal ion is located between two aromatic rings. The 
calculations to obtain complexes having the metal ions above only one aromatic ring of 
1CH2 were not successful. The cation…ring center distance for complexes having metal 
ion outside is shorter than the corresponding complexes with metal ion located between 
two rings. However, the same trend is not observed for the system of 2CH2-p. It is 
interesting to note that Li+…ring center distance is the shortest (1.59 Å) for 2CH2-p-i-Li+ 
among all the complexes reported in Figure 2. When the metal ion binds in between the 
aromatic rings, the inter-ring distance is elongated to 3.19 Å (Li+), 3.07 Å (Na+) and 3.04 






Table 1. The Distances (in Å) between Two Rings in Ligand and Complexes* 
  
System Ligand Li+ Na+ K+ 
1CH2 4.86      (4.34)      (4.37)      (4.47) 
2CH2 4.59 4.45 (3.83) 4.44 (4.29) 4.47 (4.62) 
2CH2-p 2.99 2.96 (3.19) 2.97 (3.07) 2.97 (3.04) 
     
3CH2 3.72 3.54 (3.80) 3.61 (4.36) 3.64 (4.75) 
3NH 3.73 3.57 (3.82) 3.59 (4.35) 3.62 (4.92) 
3PH 3.78 3.59 (3.84) 3.58 (4.43) 3.61 (4.84) 
3O 3.75 3.78 (3.82) 3.63 (6.32) 3.92 (6.23) 
3S 3.67 3.63 (3.83) 3.67 (4.43) 3.72 (4.89) 
     
4CH2 3.24 3.20 (3.46) 3.24 (3.45) 3.22 (3.36) 
4NH 3.22 3.18 (3.45) 3.19 (3.43) 3.20 (3.37) 
4PH 3.40 3.36 (3.58) 3.37 (3.82) 3.22 (3.36) 
4O 3.19 3.17 (3.45) 3.18 (3.87) 3.19 (3.22) 
4S 3.31 3.27 (3.55) 3.29 (3.59) 3.29 (3.53) 
 
*The values in italics correspond to the complexes with metal ions outside (above single aromatic ring) and 
the values in parentheses indicate to the complexes having metal ion between two six-membered rings. 
 
The values of 3.32 Å and 3.93 Å of M…ring center distance correspondingly for 
2CH2-p-i-Na+ and 2CH2-p-i-K+ indicate that the metal ions of Na+ and K+ do not fit in 
between the aromatic rings due to small size of the cavity. Nevertheless, Na+ and K+ 
show weak cation… interactions with partial -electrons of aromatic rings. Irrespective 
of the position of metal ion in between the rings or above one ring, the M…ring center 





For 3X and 4X complexes having metal ions outside, the computed results of 
M…ring center distances are 1.77-1.78 Å (Li+), 2.29-2.31 Å (Na+) and 2.73-2.76 Å (K+). 
The single tether in 3X systems allows the metal ions to accommodate in between two 
aromatic rings with slightly longer distances than the above-mentioned. However, the 
same scenario is not retained in case of 4X because of the constraint imposed by two 
tethers at para positions. The geometrical parameters shown in Figure 2 indicate that Li+ 
nicely fits in between the aromatic rings whereas Na+ and K+ do not bind strongly like 
Li+. Figure 3 provides the evidence for weak cation- interactions involving only the 
edge C-C bonds of two aromatic rings with Na+ and K+. Moreover, these complexes also 
possess the intramolecular - interactions.  
The effect of cation size on the cavity of the ligand is showed in Figure 3. 2CH2-p 
and 4CH2 follow similar trend when the metal ions, particularly Na+ and K+, are placed 
in between two rings. The heteroatom substitution in the tether has impact on the metal 
ion binding inside the cage. The geometrical parameters indicate that the complexes 
involving 4NH, 4PH, 4O and 4S show the interactions of lone pair of electrons and metal 
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Figure 3. M06-2X/6-311+G(2d,2p) level optimized geometries of the complexes of 
2CH2-p, 4CH2, 4NH, 4PH, 4O and 4S with Na+ and K+ ions. All distances are in Å. 
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The distance between metal ion and nitrogen atom is 2.40 and 2.81 Å 
correspondingly for 4NH-i-Na+ and 4NH-i-K+ complexes (refer to Figure 2). Again, the 
distance of M…O is 2.66 and 2.53 Å for 4O-i-Na+ and 4O-i-K+ complexes, respectively. 
3O-i-M exhibits the strong interactions between the lone pair of electrons of oxygen and 
Na+ or K+ as evidenced by the non-bonding distances of 2.19 and 2.57 Å for respective 
metal ion complexes. 3NH, 3PH and 3S appear to have weak interactions between lone 
pair of electrons and metal ions (Na+ and K+) inside. 
The distances between two aromatic rings in the ligands and complexes obtained 
at the M06-2X/6-311+G(2d,2p) level are listed in Table 1. The shortest inter-ring 
distance of 2.99 Å is obtained for 2CH2-p and is followed by 4O. The data indicate that 
the metal ion binding has influence on the inter-ring distance of the ligand. When the 
metal ion binds outside (above only one aromatic ring), the inter-ring distance decreases 
in general compared to those of the corresponding ligands. However, the inter-ring 
distance increases for the metal ion binding in between the rings. Clearly, the extent of 
increase of the inter-ring distance is significant for 3X while placing the metal ion inside 
and the trend is in the order of Li+ < Na+ < K+ complexes. The high values of 6.32 and 
6.23 Å obtained for complexes involving 3O with Na+ and K+ indicate that the complexes 
appear to be stabilized by the contribution of oxygen lone pair-cation interactions in 
addition to cation- interactions. 
 
3.2. Charge Analysis 
Binding of metal ion between two aromatic rings or with only one ring (outside) 





the metal ion placed between the rings exhibits higher charges than that was placed to 
bind with one ring. However, such similar trend is not observed in case of Na+ and K+ 
complexes. The following discussion is based on the charges of metal ions in the 
complexes having metal ion placed above one ring (outside). The data of Mulliken 
charges given in Table 2 reveal that the residual charge of metal ion increases in the order 
Li+ < Na+ < K+ in the complexes of same ligand.  
 
Table 2. The Values of Mulliken Charges of Metal ions in the Complexes Obtained at the 
M06-2X/6-311+G(2d,2p) Level*  
 
System M=Li+ M=Na+ M=K+ 
1CH2-M     (0.763)     (0.824)     (0.849) 
    
2CH2-M 0.588 (0.926) 0.802 (0.827) 0.879 (0.824) 
2CH2-p-M 0.549 (0.810) 0.782 (0.681) 0.839 (0.807) 
    
3CH2-M 0.618 (1.008) 0.799 (0.885) 0.881 (0.846) 
3NH-M 0.605 (0.985) 0.780 (0.861) 0.883 (0.877) 
3PH-M 0.611 (0.937) 0.789 (0.810) 0.872 (0.782) 
3O-M 0.652 (0.958) 0.800 (0.781) 0.886 (0.892) 
3S-M 0.629 (0.950) 0.790 (0.834) 0.878 (0.805) 
    
4CH2-M 0.591 (0.731) 0.793 (0.812) 0.872 (0.829) 
4NH-M 0.573 (0.819) 0.798 (0.865) 0.876 (0.898) 
4PH-M 0.588 (0.618) 0.779 (0.537) 0.871 (0.779) 
4O-M 0.564 (0.761) 0.787 (0.688) 0.875 (0.953) 
4S-M 0.584 (0.720) 0.796 (0.678) 0.871 (0.776) 
 
*The values in italics correspond to the complexes with metal ions outside (above single aromatic ring) and 






 In general, the charge of metal ion slightly decreases while moving from 3X to 
4X system of respective ligands (X = CH2, NH, PH, O and S). The charges of metal ions 
reveal that the smaller metal ion Li+ is expected to have higher cation- binding energies 
compared to Na+ and K+ ions. The charge of Li+ varies from 0.60 to 0.65 in case of 3X 
whereas those values range from 0.56-0.59 in case of 4X. For both 3X and 4X systems, 
varying the heteroatom substitution in the tether shows minor changes in the charges of 
metal ions considered. The calculations predicted that the charges of Na+ are about 0.78-
0.80 and those of K+ are in the range 0.87-0.89.     
Unlike the complexes with metal ion located above one ring, the charge analysis 
does not provide any straight forward trend for complexes involving metal ions placed 
between two rings. Following is a discussion of the variation of charges of metal ions for 
the later type of complexes. For 1CH2-M complexes, the charge increases from Li+ to 
Na+ then to K+ and this trend follows the ionic radius of these metal ions. The charge of 
Li+ increased for complexes of 2CH2-Li+ and 2CH2-p-Li+. The charge of metal ion 
decreases while moving from 2CH2-M to 2CH2-p-M system. It is interesting to note that 
the charge of Li+ is 1.008 in 3CH2-Li+ complex. For the complexes of 3X-Li+, the charge 
of Li+ is ≥ 0.94. Although the charges of Na+ and K+ are less than Li+ in 3X complexes, 
Na+ ion possesses lower charges compared to K+ in the complexes of 3NH and 3O. The 
charge of Na+ is notably lower than K+ in the complexes of 4O, 4S and 4PH and this 
could be explained by the right size of Na+ for making favorable interactions with the 
heteroatom in the tether connecting two benzene rings. Increasing the number of tethers 





values of charges of metal ions in the corresponding complexes except for few systems. It 
should be noted that ligands 4X have more constrained space for metal ion binding 
compared to ligands 3X. 
 
3.3. Energetics and Molecular Electrostatic Potential (MEP) 
 The values of binding energy (∆E), basis set superposition error (BSSE) 
correction, BSSE corrected binding energy (∆EBSSE), change in zero-point vibrational 
energy (ZPVE), and dissociation energy (D0) obtained at the M06-2X/6-311+G(2d,2p) 
level for all of complexes are listed in Table 3. The strength of binding between the metal 
cation and each ligand follows the classic electrostatic trend: Li+ > Na+ > K+. Thus, Li+ 
metal ion strongly binds with each ligand compared to Na+ and K+ ions.  
 
Table 3. Binding Energy (ΔE), BSSE Correction, BSSE Corrected Binding Energy 
(ΔEBSSE), Zero-Point Vibrational Energy (ΔZPVE), and Dissociation Energy (D0) 
Obtained at the M06-2X/6-311+G(2d,2p) Level*   
 
System Details Li+ Na+ K+ 
1CH2-M ΔE (51.1) (39.5) (32.7) 
 BSSE (0.3) (0.8) (0.4) 
 ΔEBSSE (50.6) (38.7) (32.4) 
 ΔZPVE (-1.8) (-1.1) (-1.1) 
 D0 (48.9) (37.6) (31.3) 
2CH2-M ΔE 47.3 (62.4) 31.4 (45.3) 23.6 (35.8) 
 BSSE 0.3 (0.4) 0.6 (0.8) 0.3 (0.4) 
 ΔEBSSE 46.9 (61.9) 30.8 (44.8) 23.4 (35.3) 
 ΔZPVE -2.0 (-2.1) -1.1 (-1.3) -0.8 (-1.2) 





Table 3 Continued 
 
System Details Li+ Na+ K+ 
2CH2-p-M ΔE 51.4 (52.5) 35.3 (23.3) 26.9 (12.4) 
 BSSE 0.3 (0.6) 0.6 (0.5) 0.3 (0.2) 
 ΔEBSSE 51.1 (51.9) 34.6 (22.7) 26.6 (12.2) 
 ΔZPVE -1.9 (-3.3) -1.0 (-0.5) -0.9 (-0.1) 
 D0 49.2 (48.6) 33.6 (22.2) 25.8 (12.1) 
3CH2-M ΔE 48.9 (68.6) 33.3 (47.9) 25.2 (35.2) 
 BSSE 0.3 (0.5) 0.6 (0.9) 0.3 (0.5) 
 ΔEBSSE 48.6 (68.1) 32.7 (46.9) 24.9 (34.7) 
 ΔZPVE -1.9 (-2.4) -1.1 (-1.5) -0.9 (-1.2) 
 D0 46.7 (65.7) 31.7 (45.4) 24.1 (33.5) 
3NH-M ΔE 49.9 (69.3) 33.4 (49.5) 25.2 (36.8) 
 BSSE 0.3 (0.5) 0.6 (0.9) 0.3 (0.5) 
 ΔEBSSE 49.7 (68.8) 32.8 (48.5) 24.9 (36.3) 
 ΔZPVE -2.1 (-2.5) -1.1 (-1.5) -0.9 (-1.2) 
 D0 47.6 (66.4) 31.7 (46.9) 24.1 (35.2) 
3PH-M ΔE 47.6 (67.8) 31.5 (47.9) 23.6 (37.1) 
 BSSE 0.3 (0.5) 0.7 (1.0) 0.3 (0.5) 
 ΔEBSSE 47.3 (67.3) 30.8 (46.9) 23.3 (36.7) 
 ΔZPVE -1.9 (-2.4) -0.9 (-1.3) -0.7 (-1.1) 








Table 3 Continued 
 
System Details Li+ Na+ K+ 
3O-M ΔE 46.9 (64.9) 30.9 (44.3) 23.3 (35.8) 
 BSSE 0.3 (0.5) 0.6 (0.8) 0.3 (0.4) 
 ΔEBSSE 46.6 (64.4) 30.4 (43.4) 22.9 (35.4) 
 ΔZPVE -1.9 (-2.3) -1.0 (-0.6) -0.8 (-0.5) 
 D0 44.7 (62.1) 29.3 (42.8) 22.2 (34.9) 
3S-M ΔE 46.6 (65.7) 30.6 (45.7) 22.8 (35.8) 
 BSSE 0.3 (0.5) 0.6 (1.0) 0.3 (0.5) 
 ΔEBSSE 46.3 (65.3) 29.9 (44.7) 22.5 (35.2) 
 ΔZPVE -1.9 (-2.2) -0.9 (-1.2) -0.7 (-1.1) 
 D0 44.4 (63.1) 29.1 (43.5) 21.8 (34.1) 
4CH2-M ΔE 53.1 (66.9) 35.9 (29.8) 27.4 (16.9) 
 BSSE 0.3 (0.5) 0.6 (0.6) 0.3 (0.2) 
 ΔEBSSE 52.8 (66.4) 35.4 (29.2) 27.1 (16.7) 
 ΔZPVE -2.0 (-2.9) -1.1 (-0.6) -0.9 (-0.3) 
 D0 50.8 (63.4) 34.3 (28.6) 26.2 (16.4) 
4NH-M ΔE 53.6 (66.9) 36.5 (40.5) 27.8 (24.6) 
 BSSE 0.3 (0.6) 0.6 (0.7) 0.3 (0.3) 
 ΔEBSSE 53.3 (66.3) 35.9 (39.7) 27.5 (24.3) 
 ΔZPVE -1.9 (-2.9) -0.9 (-1.2) -0.7 (-0.8) 








Table 3 Continued 
 
System Details Li+ Na+ K+ 
4PH-M ΔE 51.0 (67.4) 34.1 (43.2) 25.6 (30.6) 
 BSSE 0.3 (0.6) 0.7 (0.8) 0.3 (0.4) 
 ΔEBSSE 50.7 (66.9) 33.4 (42.4) 25.3 (30.2) 
 ΔZPVE -1.9 (-2.7) -1.0 (-0.8) -0.8 (-1.0) 
 D0 48.8 (64.2) 32.4 (41.6) 24.5 (29.2) 
4O-M ΔE 47.7 (58.5) 31.7 (32.7) 23.6 (20.7) 
 BSSE 0.3 (0.6) 0.6 (0.9) 0.3 (0.3) 
 ΔEBSSE 47.5 (57.8) 31.1 (31.8) 23.3 (20.4) 
 ΔZPVE -1.8 (-2.7) -0.9 (-0.8) -0.7 (-0.3) 
 D0 45.6 (55.2) 30.1 (30.9) 22.6 (20.2) 
4S-M ΔE 48.2 (62.6) 31.7 (34.5) 23.4 (20.3) 
 BSSE 0.3 (0. 6) 0.7 (0.8) 0.3 (0.3) 
 ΔEBSSE 47.8 (61.9) 30.9 (33.7) 23.2 (19.9) 
 ΔZPVE -1.8 (-2.6) -0.9 (-0.7) -0.7 (-0.5) 
 D0 46.1 (59.4) 30.1 (33.0) 22.4 (19.5) 
     
*The values in parentheses indicate to the complexes wherein metal ions were placed between two rings. 
 
 
 All values are in kcal/mol. (M = Li+, Na+ and K+). Variation of binding energy 
(∆E, kcal/mol) with and without BSSE correction obtained at the M06-2X/6-
311+G(2d,2p) level for all complexes formed by placing the alkali metal ions inside (i) 















Figure 4. Variation of binding energy (∆E, kcal/mol) with and without BSSE correction 
obtained at M06-2X/6-311+G(2d,2p) level for all complexes formed by placing the alkali 
metal ions inside (i) and outside (o). (See Figures 2 and 3 for structures and 
nomenclature.)  
 
 Table 3 and Figure 4 clearly show that the values of BSSE correction are not 
significant (below 1 kcal/mol). In few systems, the maximum value of BSSE correction is 
1 kcal/mol. However, ZPVE values are notable. The discussions of binding of metal 
ions with ligands are based on the values of dissociation energies.  
As mentioned earlier, attempts for obtaining the complexes with metal ions 
outside for 1CH2 ligand were futile. The results of metal ion binding between two six-
membered rings are provided in Table 3. The dissociation energies obtained for the 






As shown in Figure 5, the high electron density observed in the region between 
two six-membered rings validates the high values of dissociation energies for the 
complexes of 1CH2. Extending the length of linear chain between two six-membered 
rings has influence on the binding strength as noticed by the increase of dissociation 
energies for the 2CH2-M complexes with metal ions outside. Indeed, all three metal ions 
prefer to bind between two rings rather than above one ring (outside) of the ligand 2CH2. 
The flexibility of the ligand 2CH2 with only one bridge connecting two rings makes 
possible for metal ions to conveniently stay between two rings. In this scenario, the metal 
ion-ligand complexes are stabilized by strong cation- interactions with two rings. This 
stabilization is stronger by 12-15 kcal/mol than those complexes with the metal ions 
placed above only one ring (outside). The ligands 2CH2 and 3CH2 also exhibit high 
electron density between two six-membered rings and the MEP surfaces support outside 
complexes for these two ligands.  
The ligand with several computational and experimental highlights is 2CH2-p, 
which has two tethers connecting two six-membered rings. In this case, the preference for 
the location of metal ion binding (between two rings or above one ring) is completely 
opposite to the ligand 2CH2. This is due to the constraint imposed by the second tether 
connecting two rings at para positions. The dissociation energies for 2CH2-p-M 
complexes in which the metal ions placed between two rings are 11.2 (Li+), 21.4 (Na+) 
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Figure 5. Molecular electrostatic potential (MEP) surfaces obtained at M06-2X/6-
311+G(2d,2p) level. The red surface corresponds to negative region of the electrostatic 









































Figure 5. Continued 
 
It should be noted that in case of 2CH2-p, Li+ shows highly competitive for 
binding between two rings or above one ring. Owing to larger size of K+ compared to Na+ 
and Li+, the dissociation energy for K+ complex formed between two rings is slightly 
below 50 percent of that formed above one ring with 2CH2-p. Frontera et al. reported the 
binding energies of 51.4 and 37.1 kcal/mol (without BSSE correction) at the RI-MP2/6-
31++G** level correspondingly for 2CH2-p-Li+ and 2CH2-p-Na+ complexes, wherein 
the metal ions are located above only one ring.69  Calculations at the M06-2X/6-
311+G(2d,2p) level in the present thesis produce comparable results of 51.4 and 35.3 
kcal/mol for the corresponding systems. The study of Frontera et al. included the 
complexes with metal ions above only one ring. The effect of increase in number of 
tethers connecting two rings on metal ion binding could also been observed by increase in 
value of dissociation energies while going from 2CH2-M to 2CH2-p-M having metal 
ions above only one ring. The increase in value is 4.3, 3.9 and 3.3 kcal/mol 





Figure 6 depicts the variation of dissociation energy (D0) (in kcal/mol) calculated 
at M06-2X/6-311+G(2d,2p) level for all complexes formed by placing the alkali metal 
ions inside (i) and outside (o).  
 
 
Figure 6. Variation of dissociation energy (D0) in (kcal/mol) calculated at M06-2X/6-
311+G(2d,2p) level for all complexes formed by placing the alkali metal ions inside (i) 
and outside (o). (See Figures 2 and 3 for structures and nomenclature.) 
 
In contrast to 2CH2-p and in parallel to 2CH2, all three metal ions strongly prefer 
to bind between two rings (inside- i) for 3X systems (X = CH2, NH, PH, O and S). This 
robust preference could be ascribed to the flexibility of the molecule with single tether to 





effective cation- interactions. Comparison of the results of the 2CH2-M and 3CH2-M 
provided in Table 3 indicates that the binding affinity generally increases by increasing 
the length of carbon chain connecting two six-membered rings. The metal ions bind 
strongly through cation- interactions when they are placed between two rings in 3CH2. 
The corresponding dissociation energies are 65.7 (Li+), 45.4 (Na+) and 33.5 (K+) 
complexes. 
Frontera et al. reported the BSSE corrected binding energies of 45.1 and 29.7 
kcal/mol at the RI-MP2/6-31++G** level for Li+ and Na+ ions bind above single ring of 
3CH2.69 This thesis, using the M06-2X/6-311+G(2d,2p) level, provides the 
corresponding values of 47.9 and 35.2 kcal/mol. Figure 5 shows that the electron density 
of 2CH2-p and 4CH2 are slightly higher than 2CH2 and 3CH2, respectively. This could 
support for somewhat higher dissociation energy obtained for the former set of ligands 
than the later set when the metal ions bind above one ring of the ligand (outside).  
The data provided in Table 3 and Figure 6 unequivocally show that the 
heteroatom substitution in the bridge alkyl chain connecting two rings has impact on the 
dissociation energies of the complexes of 3X type. In addition to the effective cation- 
interactions, the geometrical data also supports the interactions between the lone pair 
electrons of heteroatoms and the metal ions that were positioned between two rings of 
3NH, 3PH, 3O and 3S (see Figure 2). Na+ and K+ complexes of the ligands 3O and 3S 
seem to have strong interactions between the lone pair electrons of heteroatoms and the 
metal ions as evidenced by the non-bonding distances between the cation and the 





than the electron density at S of 3S. Thus, Na+ and K+ is expected to have very strong 
interaction with O of 3O compared to S of 3S. This study indicates that proper size of 
metal ion and the location in the complex bring the lone-pair and metal ion interaction 
competitive and/or supplement to the cation- interactions. The dissociation energies 
obtained for 3CH2-M and 3NH-M are very close to each other for the corresponding 
metal ion complexes. Very similar situation of dissociation energies is observed between 
3O-M and 3S-M complexes.   
The molecular electrostatic potential surfaces provided in Figure 5 indicate that 
the electron densities at six-membered rings of 4CH2 and 4NH are comparable, and this 
is followed by 4PH. However, the ligands 4O and 4S have the lowest electron density 
compared to the above-mentioned three ligands. Binding energy or dissociation energy 
data listed in Table 3 for the complexes involving the ligand of 4X could be nicely 
explained by the molecular electrostatic potentials. Figure 6 clearly shows that Li+ prefers 
to bind between two rings compared to above one ring with all ligands of 4X type. Two 
important points to be highlighted for Na+ binding with 4X ligands: (1) Na+ prefers to 
bind above one ring rather than between two rings only in case of 4CH2. (2) The 
dissociation energies for 4O-Na+ complexes indicate highly competitive for Na+ binding 
on above one ring (outside) versus between two rings (inside). It should be noted that 4X 
type ligands have two alkyl (or heteroatom substituted alkyl) chains generating restricted 
cavity between two six-membered rings. Owing to larger size of K+ compared to other 
metal ions and the size of the cavity, K+ binding between two rings is less favorable than 





binding with 4PH is due to weak cation- but strong lone pair-cation interactions in 
addition to intramolecular - interactions. The heteroatom substitution in the alkyl tether 
has noteworthy influence on the binding affinity of metal ions with ligands. It even 
changes the positional preference of metal ions (Na+ and K+) binding with ligands. 
Comparison of the data for the corresponding complexes of 3X-M and 4X-M 
provided in Table 3 reveals that increasing the number of tether connecting the rings from 
one to two slightly increases the binding strength of metal ions only when they bind 
above one ring. Of course, the writer noticed a strong influence of two tethers on metal 
ion binding between two rings. Even in case of smaller metal ion of Li+, the dissociation 
energy decreased from 4X to 3X systems. Comparison of the results of 3CH2-M and 
4CH2-M reveals that the dissociation energy considerably decreased for complexes 
involving Na+ and K+ when they were placed between two rings.  
This study demonstrates the impact of the smaller gap between two rings in case 
4X compared to 3X on the binding of metal ions. The complexes of 4CH2-K+ and 4NH-
K+, wherein the metal ion was placed between two rings (inside), the dissociation energy 
for the later complex is higher than former. This is due to weak cation- interactions and 
stabilizing nitrogen lone pair-K+ interactions. Analysis of structural and geometrical 
information of 4NH-i-K+ discloses that K+ moved closer to one of the nitrogen atoms in 
the bridges. The dissociation energy data also suggests the stabilizing interactions of 
K+…O and K+…S correspondingly in 4O-i-K+ and 4S-i-K+. The pictures of MEP 
surfaces provided in Figure 5 evidence the high electron density at O and S atoms in 4O 





dissociation energy and the metal ion-ring center distances for all complexes at M06-
2X/6-311+G(2d,2p) level. The R2 value for this correlation is 0.499. There are many 
outliers, which may be due to weak interactions of metal ions with edges of the -rings 
and the presence of non-bonding interactions of metal ions with heteroatoms in the 













Figure 7. Correlation between dissociation energy in (kcal/mol) and the metal ion-ring 
center distances in (Å) for all complexes at M06-2X/6-311+G(2d,2p) level. 
 
3.4. Vibrational Frequencies 
 Vibrational frequencies for all ligands and complexes were calculated at the 





on the potential energy surface. In the nomenclature of the structures, we used the letters 
‘i’ and ‘o’ to specify inside and outside, respectively. The letter ‘i’ indicates that the 
metal ion was placed between two rings (inside). The letter ‘o’ indicates that the metal 
ion was placed above one ring (outside) of the ligand. The results of the vibrational 
frequencies of the complexes with the ligand were compared. Also, a comparison was 
made for the vibrational frequencies of the related ligand and their complexes to 
understand the effect of increasing the tether length and increasing the number of tethers 
connecting two six-membered rings. Focus was placed on identifying the metal-ligand 
(M-L) inter-moiety stretching frequencies (IMSF) that help to characterize the complexes 
with different alkali metal ions. Dinadayalane and co-workers reported the M-L IMSF 
values of 383, 194 and 131 cm-1 correspondingly for Li+, Na+ and K+ complexes 
involving benzene.14  
In case of 1CH2, the complexes having metal ions between two rings were 
obtained but the efforts of finding the outside complexes were not successful. Figure 8 
shows the computed infrared (IR) spectra of ligand 1CH2 and its complexes with metal 
ions Li+, Na+ and K+. In comparison to ligand structure, two new frequencies at 374 and 
187 cm-1 with high intensities appeared for 1CH2-i-Li+. The latter frequency corresponds 
to M-L IMSF. In case of Na+ and K+ complexes, the M-L inter-moiety stretching 
frequencies were obtained correspondingly at around 210 and 125 cm-1. It should be 
mentioned that the C-H stretching frequencies at 3070 and 3217 cm-1 for 1CH2 have 
notable intensities. However, the intensities of these peaks for the complexes decreased 




















Figure 8. Figure 8. IR spectrum of 1CH2 and its complexes formed with different alkali 























































































































Figure 9 presents the IR spectra of 2CH2 and its complexes with alkali metal ions. 
The complex formation could be verified by the change in C-H stretching frequency 
values and the new peaks emerged for the metal…π interactions. The values of 
frequencies representing metal…π interactions are 339 (Li+), 197 (Na+) and 154 (K+)  
cm-1 for metal ions inside whereas the corresponding values for outside complexes are 
422, 222 and 173 cm-1. The noticeable difference in values will help experimentalists to 
characterize and distinguish the complexes with metal ion inside or outside.  
 
              2CH2 
 
 
                  2CH2-i-Li+ 
 
 
                2CH2-o-Li+ 
 
Figure 9. IR spectrum of 2CH2 and its complexes with alkali metal cations that were 
placed between two rings (i) and above one ring (o).   
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Figure 9. Continued  
 
 
The intensity of C-H stretching frequency observed > 3090 cm-1 for 1CH2 
considerably decreased in the complexes. However, the extent of decrease is slightly 
more for inside than outside complexes. It is worth mentioning that complexes show the 
blue shift of C-H stretching frequencies.  
The C-H stretching frequencies of 2CH2-p were observed at 3088 and 3185 cm-1 
with high intensities. Nevertheless, complexes display blue shift of C-H stretching 
frequencies with reduced intensities. The reduction in the intensity is high for complexes 
possessing Li+. The M-L IMSF is 430 cm-1 with nearly 80 intensities for 2CH2-p-o-Li+ 
whereas the corresponding frequency for inside complex at 351 cm-1 does not show such 
strong intensity. Na+ and K+ complexes of 2CH2-p with the metal ion outside or inside 
could be characterized using IR spectra. Comparison of Figures 9 and 10 reveals that the 
C-H stretching frequencies of 2CH2-p systems including complexes show larger 
2CH2-i-Na+
Frequency, cm**-1


























































































































intensities than 2CH2 ligand and the corresponding complexes. Moreover, the values of 
M-L IMSF are useful to characterize the complexes of 2CH2 and 2CH2-p (see Figure 
10).  
 
           2CH2-p 
 
  
           2CH2-p-i-Li+             2CH2-p-o-Li+ 
 
  
          2CH2-p-i-Na+            2CH2-p-o-Na+ 
 
  
2CH2-p-i-K+            2CH2-p-o-K+ 
 
Figure 10. IR spectrum of 2CH2-p and its complexes with alkali metal cations that were 
placed between two rings (i) and above one ring (o).  
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Frequency, cm**-1















































































































































































































 The ligand 1,3-diphenylpropane (3CH2) is the structure having single alkyl chain 
of three carbon atoms connecting two six-membered rings. The IR spectra of this ligand 
and complexes are shown in Figure 11. Two different values (3099 and 3215 cm-1) of C-
H stretching frequencies were obtained for 3CH2. Although the complexes show the blue 
shift of the former frequency, the intensities of these frequencies in the complexes are 
smaller than the ligand. New peaks appear for characterizing metal-ligand interactions. 
When the metal ions bind between two rings, the metal-ligand interaction frequencies of 
439, 270 and 210 cm-1 were observed correspondingly for Li+, Na+ and K+ complexes. 
For the metal ion complexes formed with only one ring (o), the corresponding values are 
shifted to 426, 229 and 179 cm-1.  
 A very similar situation occurs for 3NH and its complexes (Figure 12), but the 
numbers are slightly different. One of the C-H stretching frequencies of 3NH is 2996  
cm-1, which is dominant in the complexes with notable blue shift. In addition, the peak 
with very small intensity at 3587 cm-1 corresponds to N-H stretching frequency. The 













     3CH2 
 
  
            3CH2-i-Li+              3CH2-o-Li+ 
 
  
              3CH2-i-Na+             3CH2-o-Na+ 
 
  
             3CH2-i-K+             3CH2-o-K+ 
 
Figure 11. IR spectrum of 3CH2 and its complexes with alkali metal cations that were 
placed between two rings (i) and above one ring (o).  
3CH2
Frequency, cm**-1



























































































































































































































Figure 12. IR spectrum of 3NH and its complexes with alkali metal cations that were 




























































































3 104 3 592
3NH-i-Na+
Frequency, cm**-1
































































































































Unlike 3CH2 or 3NH, the intensity of C-H stretching frequency is not large for 
3PH and the intensity significantly reduced in the complexes as depicted in Figure 13. 
Sharp and strong peak of P-H stretching frequency is obtained at 2415 cm-1 with the 
intensity of around 100 for 3PH. The intensity of this peak is considerably decreased in 
the complexes, which show blue shift of the P-H stretching frequency compared to the 
ligand. Nevertheless, the blue shift values for complexes inside (i) are higher than the 
corresponding outside (o) complexes. The frequencies related to metal-ligand stretching 
are useful to characterize the complexes with different metal ions and their location 




























          3PH-i-K+            3PH-o-K+ 
 
 
Figure 13. IR spectrum of 3PH and its complexes with alkali metal cations that were 







































































































































































































































The spectra of 3O-i-Na+ and 3O-i-K+ displayed in Figure 14 strongly support 
weak binding of Na+ and K+ with -rings of 3O and the presence of interactions of lone 
pair electrons of oxygen with these two metal ions. The other complexes involving 3O 
have the peaks corresponding to the cation- interactions. The blue shifts of C-H 
stretching frequencies with reduced intensities are observed for all 3O complexes with 
respect to the corresponding ligand.  
The complexes of 3S (outside) show the frequencies characteristics to metal ion- 
interactions of 425, 239 and 183 cm-1 correspondingly for Li+, Na+ and K+ complexes 
whose spectra are shown in Figure 15. However, the respective frequencies appear at 









































Figure 14. IR spectrum of 3O and its complexes with alkali metal cations that were 
placed between two rings (i) and above one ring (o). 
3O
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Figure 15. IR spectrum of 3S and its complexes with alkali metal cations that were 
placed between two rings (i) and above one ring (o). 
3S
Frequency, cm**-1





















































































































































































































For 3X-type complexes having metal ion locating above one ring (complexes 
designated outside) generally show the vibrational frequencies related to cation-π 
interactions around 425, 230 and 180 cm-1 for Li+, Na+ and K+ complexes, respectively. 
Moreover, these values change by few wave numbers when going from 3CH2 to 3S 
complexes. On the other hand, when the metal ions were placed between the rings, the 
writer observed significant changes in the frequencies corresponding to cation-π 
interactions. This observation reveals the influence of heteroatom substitution in the 
tether on metal ion binding with the ligand.  
The number of tethers connecting two six-membered rings increased from one to 
two while moving from 3X to 4X systems. Therefore, one can expect many similarities in 
IR spectra between 3X and 4X systems. Comparison of Figures 11 and 16 indicate that 
like 3CH2, two different values (3081 and 3193 cm-1) of C-H stretching frequencies were 
obtained for 4CH2. Again, the complexes show the blue shift of the former frequency and 
the intensities of these C-H stretching frequencies are smaller than those of the ligand. 
When the metal ions were placed between two rings of 4CH2, the metal-ligand 
interaction frequencies of 637, 217 and 146 cm-1 were observed correspondingly for Li+, 
Na+ and K+ complexes. This set of values is significantly different from the 
corresponding 3CH2 complexes [the values are 439 (Li+), 270 (Na+) and 210 (K+) cm-1]. 
The difference in these frequency values could be ascribed to the two tethers at para-























           4CH2-i-K+              4CH2-o-K+ 
 
Figure 16. IR spectrum of 4CH2 and its complexes with alkali metal cations that were 
























































































































































































































 The above discussion and observation continue to be valid (but the wave numbers 
are slightly different) for the corresponding complexes of other ligands of 4NH, 4PH, 4O 
and 4S (compare Figures 12-15 and Figures 17-20). Because of the smaller pore size and 
the larger metal ions of K+ and Na+, the cation-π interactions are not effective like the 
situation in Li+-complexes. For the metal complexes formed with only one ring (o) of 
4CH2, the frequencies related to cation-π interactions appear at 440, 255 and 133 cm-1 for 
Li+, Na+ and K+ complexes, respectively. However, these values are close to 426, 229 and 











































           4NH-i-K+             4NH-o-K+ 
 
 
Figure 17. IR spectrum of 4NH and its complexes with alkali metal cations that were 
placed between two rings (i) and above one ring (o). 
4NH
Frequency, cm**-1
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              4PH-i-K+              4PH-o-K+ 
 
 
Figure 18. IR spectrum of 4PH and its complexes with alkali metal cations that were 
placed between two rings (i) and above one ring (o). 
4PH
Frequency, cm**-1



























































































































































































































































Figure 19. IR spectrum of 4O and its complexes with alkali metal cations that were 
placed between two rings (i) and above one ring (o). 
4O
Frequency, cm**-1




























































































































































































































Figure 20. IR spectrum of 4S and its complexes with alkali metal cations that were 
placed between two rings (i) and above one ring (o). 
4S
Frequency, cm**-1
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 Figures 14 and 19 indicate that the spectra of 3O-i-Na+ and 4O-i-Na+ show very 
similar trend that supports weak binding of Na+ with -rings and the occurrence of strong 
interactions of lone pair electrons of oxygen with these two metal ions. Like 3PH, sharp 
and strong peak of P-H stretching frequency is obtained at 2417 cm-1 with the intensity of 
around 250 for 4PH. The complexes show blue shift of the P-H stretching frequency with 
considerably decreased intensity in the complexes (Figure 18). The spectra of 4NH and 
its complexes shown in Figure 17 specify the peak at 3587 cm-1 with small intensity 
corresponding to N-H stretching frequency. However, the intensity increases in the 
complexes with blue shift compared to the ligand. Like 3X systems, blue shifts of C-H 
stretching frequencies were observed for all the complexes of 4X systems with respect to 











A comprehensive computational study using M06-2X/6-311+G(2d,2p) level was 
carried out to understand the interactions of alkali metal ions of Li+, Na+ and K+ with the 
ligands of two six-membered aromatic rings connected through the linear chains. The 
following points were examined in this study: (1) the effect of increasing the length of 
linear chain connecting aromatic rings on metal ion binding; (2) the impact of 
heteroatoms in the connecting tether on cation complexation with ligands; and (3) the 
effect of increasing the number of tether connecting two six-membered rings on metal ion 
complexation.  
The distance between the metal ion and the center of aromatic ring is shown to 
constantly increase as the size of alkali metal cation increases. The strength of binding 
between the metal cations and each ligand follows the classic electrostatic trend of Li+ > 
Na+ > K+ for all ligands. This study indicates that proper size of metal ion and the 
location in the complex bring the lone-pair and metal ion interaction competitive and/or 
supplement to the cation- interactions. The ligand with several computational and 
experimental highlights is [2.2]paracyclophane (2CH2-p). The distance between the 
center of two benzene rings in 2CH2-p is measured to be 2.99 Å. In this case, the 





completely opposite (metal ion prefers between two rings) to the ligand of 1,2-
diphenylethane. The increase in number of tethers connecting two rings increases the 
values of dissociation energies. The heteroatom substitution in the bridge alkyl chain 
connecting two rings affect the dissociation energies of the complexes of 1,3-
diphenylpropane type (3X). The interactions between the lone pair electrons of 
heteroatoms and metal ions were observed in addition to the effective cation- 
interactions in heteroatom substituted bridges.  
Li+ prefers to bind between two rings compared to above only one ring with all 
ligands of [3.3]paracyclophane type (4X). The geometrical parameters indicate that Li+ 
nicely fits between two aromatic rings whereas Na+ and K+ do not bind strongly like Li+ 
with 4X type ligands. Two important points to be highlighted for Na+ binding with 4X 
ligands: (1) Na+ prefers to bind above one ring rather than between two rings only in case 
of 4CH2. (2) The dissociation energies for 4O-Na+ complexes indicate highly 
competitive for Na+ binding on above one ring (outside) versus between two rings 
(inside). Owing to larger size of K+ compared to other metal ions and the size of the 
cavity, K+ binding between two rings is less favorable than that above only one ring for 
4X type ligands except 4PH. The heteroatom substitution in the alkyl tether has 
noteworthy influence on the binding affinity of metal ions with ligands. It even changes 
the positional preference of metal ions (Na+ and K+) binding with ligands. The pictures of 
MEP surfaces of ligands generally support the observed trends of dissociation energies of 





The blue shifts of C-H stretching frequencies with reduced intensities are 
observed for almost all complexes with respect to the corresponding ligands. Sharp and 
strong peak of P-H stretching frequency around 2415 cm-1 and N-H stretching frequency 
around 3585 cm-1 of ligands having PH and NH substituents in the connecting tether 
experience blue shift in the complexes. IR frequency could be useful to find the influence 








1. Dougherty, D. A. The Cation- Interaction. Acc. Chem. Res. 2013, 46, 885-893. 
 
2. Mahadevi, A. S.; Sastry, G. N. Cation- Interaction: Its Role and Relevance in 
 Chemistry, Biology, and Material Science. Chem. Rev. 2013, 113, 2100-
 2138. 
 
3. Crowley, P. B.; Golovin, A. Cation- Interactions in Protein–Protein Interfaces. 
 Proteins: Structure, Function, and Bioinformatics 2005, 59, 231-239. 
 
4. Raines, D. E.; Gioia, F.; Claycomb, R. J.; Stevens, R. J. The N-Methyl-D-
 aspartate Receptor Inhibitory Potencies of Aromatic Inhaled Drugs of 
 Abuse: Evidence for Modulation by Cation- Interactions. J. Pharmacol. 
 Exp. Ther. 2004, 311, 14-21. 
 
5. Cortopassi, W. A.; Kumar, K.; Paton, R. S. Cation- Interactions in Crebbp 
 Bromodomain Inhibition: An Electrostatic Model for Small-Molecule 
 Binding Affinity and Selectivity. Org. Biomol. Chem. 2016, 14, 10926-
 10938. 
 
6. Sunner, J.; Nishizawa, K.; Kebarle, P. Ion-Solvent Molecule Interactions in the 
 Gas Phase. The Potassium Ion and Benzene. J. Phys. Chem. 1981, 85, 
 1814-1820. 
 
7. Dougherty, D.; Stauffer, D. Acetylcholine Binding by a Synthetic Receptor: 
 Implications for Biological Recognition. Science 1990, 250, 1558-1560. 
 
8. Ma, J. C.; Dougherty, D. A. The Cation- Interaction. Chem. Rev. 1997, 97, 
 1303-1324. 
 
9. Dinadayalane, T. C.; Afanasiev, D.; Leszczynski, J. Structures and Energetics of 
 the Cation- Interactions of Li+, Na+, and K+ with Cup-Shaped Molecules: 
 Effect of Ring Addition to Benzene and Cavity Selectivity. J. Phys. Chem. 





10. Dinadayalane, T. C.; Hassan, A.; Leszczynski, J. A Theoretical Study of Cation-
  Interactions: Li+, Na+, K+, Be2+, Mg2+ and Ca2+ Complexation with 
 Mono- and Bicyclic Ring-Fused Benzene Derivatives. Theor. Chem. Acc. 
 2012, 131, 1131. 
 
11. Hassan, A.; Dinadayalane, T. C.; Leszczynski, J. Effect of Ring Annelation on 
 Li+-Benzene Interaction: A Computational Study. Chem. Phys. Lett. 2007, 
 443, 205-210. 
 
12. Tsuzuki, S.; Uchimaru, T.; Mikami, M. Is the Cation- Interaction in Alkaline-
 Earth-Metal Dication/Benzene Complexes a Covalent Interaction? J. Phys. 
 Chem. A 2003, 107, 10414-10418. 
 
13. Wheeler, S. E. Understanding Substituent Effects in Noncovalent Interactions 
 Involving Aromatic Rings. Acc. Chem. Res. 2013, 46, 1029-1038. 
 
14. Hassan, A.; Dinadayalane, T. C.; Grabowski, S. J.; Leszczynski, J. Structural, 
 Energetic, Spectroscopic and QTAIM Analyses of Cation- Interactions 
 Involving Mono- and Bi-Cyclic Ring Fused Benzene Systems. Phys.  Chem. 
 Chem. Phys. 2013, 15, 20839-20856. 
 
15. Birkedal, H. Cation- Interactions: Mimicking Mussel Mechanics. Nat. Chem. 
 2017, 9, 408. 
 
16. Demircan, Ç. A.; Bozkaya, U. Transition Metal Cation- Interactions: 
 Complexes Formed by Fe2+, Co2+, Ni2+, Cu2+, and Zn2+ Binding with 
 Benzene Molecules. J. Phys. Chem. A 2017, 121, 6500-6509. 
 
17. Gebbie, M. A.; Wei, W.; Schrader, A. M.; Cristiani, T. R.; Dobbs, H. A.; Idso, 
 M.; Chmelka, B. F.; Waite, J. H.; Israelachvili, J. N. Tuning Underwater 
 Adhesion with Cation- Interactions. Nat. Chem. 2017, 9, 473. 
 
18. Zhu, D.; Herbert, B. E.; Schlautman, M. A.; Carraway, E. R. Characterization of 
 Cation- Interactions in Aqueous Solution Using Deuterium Nuclear 
 Magnetic Resonance Spectroscopy. J. Environ. Qual. 2004, 33, 276-284. 
 
19. Kim, D.; Hu, S.; Tarakeshwar, P.; Kim, K. S.; Lisy, J. M. Cation- Interactions:  
 A Theoretical Investigation of the Interaction of Metallic and Organic 
 Cations with Alkenes, Arenes, and Heteroarenes. J. Phys. Chem. A 2003, 
 107, 1228-1238. 
 
20. Dougherty, D. A. Cation- Interactions in Chemistry and Biology: A New View 






21. Reddy, A. S.; Sastry, G. N. Cation [M = H+, Li+, Na+, K+, Ca2+, Mg2+, NH4+, and 
 N(Me)4
+] Interactions with the Aromatic Motifs of Naturally Occurring 
 Amino Acids:  A Theoretical Study. J. Phys. Chem. A 2005, 109, 8893-
 8903. 
 
22. Gokel, George W.; De Wall, Stephen L.; Meadows, Eric S., Experimental 
 Evidence for Alkali Metal Cation- Interactions. Eur. J. Org. Chem. 2000, 
 2000, 2967-2978. 
 
23. Amunugama, R.; Rodgers, M. T. Influence of Substituents on Cation-
  Interactions: 5. Absolute Binding Energies of Alkali Metal Cation-Anisole 
 Complexes Determined by Threshold Collision-Induced Dissociation and 
 Theoretical Studies. Int. J. Mass Spectrom. 2003, 222, 431-450. 
 
24. Amunugama, R.; Rodgers, M. T. Influence of Substituents on Cation-
  Interactions. 3.: Absolute Binding Energies of Alkali Metal Cation-
 Aniline Complexes Determined by Threshold Collision-Induced 
 Dissociation and Theoretical Studies. Int. J. Mass Spectrom.  2003, 227, 
 339-360. 
 
25. Wheeler, S. E.; Houk, K. N. Substituent Effects in Cation- Interactions and 
 Electrostatic Potentials above the Centers of Substituted Benzenes Are Due 
 Primarily to through-Space Effects of the Substituents. J. Am. Chem. Soc. 
 2009, 131, 3126-3127. 
 
26. Engerer, L. K.; Hanusa, T. P. Geometric Effects in Olefinic Cation-
  Interactions with Alkali Metals: A Computational Study. J. Org. Chem. 
 2011, 76, 42-49. 
 
27. Orabi, E. A.; Lamoureux, G. Cation- and - Interactions in Aqueous Solution 
 Studied Using Polarizable Potential Models. J. Chem. Theory Comput. 
 2012, 8, 182-193. 
 
28. Frontera, A.; Quiñonero, D.; Deyà, P. M. Cation- and Anion- Interactions. 
 Wiley Interdiscip. Rev. Comput. Mol. Sci. 2011, 1, 440-459. 
 
29. Kumpf, R.; Dougherty, D. A Mechanism for Ion Selectivity in Potassium 
 Channels: Computational Studies of Cation- Interactions. Science 1993, 
 261, 1708-1710. 
 
30. Mecozzi, S.; West, A. P.; Dougherty, D. A. Cation- Interactions in Simple 
 Aromatics:  Electrostatics Provide a Predictive Tool. J. Am. Chem. Soc. 






31. Mecozzi, S.; West, A. P.; Dougherty, D. A. Cation- Interactions in Aromatics 
 of Biological and Medicinal Interest: Electrostatic Potential Surfaces as a 
 Useful Qualitative Guide. Proc. Natl. Acad. Sci. U.S.A. 1996, 93, 10566-
 10571. 
 
32. Amunugama, R.; Rodgers, M. T. Influence of Substituents on Cation-
  Interactions. 1. Absolute Binding Energies of Alkali Metal Cation-
 Toluene Complexes Determined by Threshold Collision-Induced 
 Dissociation and Theoretical Studies. J. Phys. Chem. A 2002, 106, 5529-
 5539. 
 
33. Amunugama, R.; Rodgers, M. T. Influence of Substituents on Cation-
  Interactions. 2. Absolute Binding Energies of Alkali Metal Cation-
 Fluorobenzene Complexes Determined by Threshold Collision-Induced 
 Dissociation and Theoretical Studies. J. Phys. Chem. A 2002, 106, 9092-
 9103. 
 
34. Amunugama, R.; Rodgers, M. T. The Influence of Substituents on Cation-
  Interactions. 4. Absolute Binding Energies of Alkali Metal Cation-Phenol 
 Complexes Determined by Threshold Collision-Induced Dissociation and 
 Theoretical Studies. J. Phys. Chem. A 2002, 106, 9718-9728. 
 
35. Koyanagi, G. K.; Bohme, D. K. Kinetics and Thermodynamics for the Bonding 
 of Benzene to 20 Main-Group Atomic Cations: Formation of Half-
 Sandwiches, Full-Sandwiches and Beyond. Int. J. Mass Spectrom. 2003, 
 227, 563-575. 
 
36. Hunter, C. A.; Low, C. M. R.; Rotger, C.; Vinter, J. G.; Zonta, C. Substituent 
 Effects on Cation- Interactions: A Quantitative Study. Proc. Natl. Acad. 
 Sci.  2002, 99, 4873-4876. 
 
37. Suresh, C. H.; Gadre, S. R. Electrostatic Potential Minimum of the Aromatic 
 Ring as a Measure of Substituent Constant. J. Phys. Chem. A 2007, 111, 
 710-714. 
 
38. McMahon, T. B.; Ohanessian, G. An Experimental and Ab Initio Study of the 
 Nature of the Binding in Gas-Phase Complexes of Sodium Ions. Chem. Eur. 
 J. 2000, 6, 2931-2941. 
 
39. Armentrout, P. B.; Rodgers, M. T. An Absolute Sodium Cation Affinity Scale:  
 Threshold Collision-Induced Dissociation Experiments and Ab Initio 






40. Caramori, G. F.; Garcia, L. C.; Andrada, D. M.; Frenking, G. Ruthenophanes: 
 Evaluating Cation- Interactions in [Ru(6-C16H12R4)(NH3)3]
2+/3+ 
 Complexes. A Computational Insight. Organometallics 2014, 33, 2301-
 2312. 
 
41. Tsuzuki, S.; Yoshida, M.; Uchimaru, T.; Mikami, M. The Origin of the Cation-
  Interaction:  The Significant Importance of the Induction in Li+ and Na+ 
 Complexes. J. Phys. Chem. A 2001, 105, 769-773. 
 
42. Chalasinski, G.; Szczesniak, M. M. Origins of Structure and Energetics of Van 
 Der Waals Clusters from Ab Initio Calculations. Chem. Rev. 1994, 94, 
 1723-1765. 
 
43. Tsuzuki, S.; Uchimaru, T.; Tanabe, K. Basis Set Effects on the Intermolecular 
 Interaction of Hydrocarbon Molecules Obtained by an Ab Initio Molecular 
 Orbital Method: Evaluation of Dispersion Energy. Comput. Theor. Chem. 
 1994, 307, 107-118. 
 
44. Tsuzuki, S.; Uchimaru, T.; Mikami, M.; Tanabe, K. New Medium-Size Basis 
 Sets to Evaluate the Dispersion Interaction of Hydrocarbon Molecules. J. 
 Phys. Chem. A 1998, 102, 2091-2094. 
 
45. Vijay, D.; Sastry, G. N. The Cooperativity of Cation- and - Interactions. 
 Chem. Phys. Lett. 2010, 485, 235-242. 
 
46. Reddy, A. S.; Vijay, D.; Sastry, G. M.; Sastry, G. N. From Subtle to Substantial:  
 Role of Metal Ions on - Interactions. J. Phys. Chem. B 2006, 110, 2479-
 2481. 
 
47. Reddy, A. S.; Vijay, D.; Sastry, G. M.; Sastry, G. N. Reply to “Comment on 
 ‘from Subtle to Substantial:  Role of Metal Ions on - Interactions.'” J. 
 Phys. Chem. B 2006, 110, 10206-10207. 
 
48. Vijay, D.; Zipse, H.; Sastry, G. N. On the Cooperativity of Cation- and 
 Hydrogen Bonding Interactions. J. Phys. Chem. B 2008, 112, 8863-8867. 
 
49. Escudero, D.; Frontera, A.; Quiñonero, D.; Deyà, P. M. Interplay between 
 Cation- and Hydrogen Bonding Interactions. Chem. Phys. Lett.2008, 456, 
 257-261. 
 
50. Estarellas, C.; Frontera, A.; Quiñonero, D.; Deyà, P. M. Interplay between 
 Cation- and Hydrogen Bonding Interactions: Are Non-Additivity Effects 






51. Dinadayalane, T. C.; Leszczynski, J. Geometries and Stabilities of Various 
 Configurations of Benzene Dimer: Details of Novel V-Shaped Structure 
 Revealed. Structural Chemistry 2009, 20, 11-20. 
 
52. Dinadayalane, T. C.; Leszczynski, J. In the Pursuit of Small “Red Shift” of C–H 
 Stretching Vibrational Frequency of C–H⋯ Interactions for Benzene 
 Dimer: How to Amend Mp2 Calculations to Reproduce the Experimental 
 Results. J. Chem. Phys. 2009, 130, 081101. 
 
53. Vaupel, S.; Brutschy, B.; Tarakeshwar, P.; Kim, K. S. Characterization of Weak 
 NH- Intermolecular Interactions of Ammonia with Various Substituted -
 Systems. J. Am. Chem. Soc. 2006, 128, 5416-5426. 
 
54. Lee, E. C.; Hong, B. H.; Lee, J. Y.; Kim, J. C.; Kim, D.; Kim, Y.; Tarakeshwar, 
 P.; Kim, K. S. Substituent Effects on the Edge-to-Face Aromatic 
 Interactions. J. Am. Chem. Soc. 2005, 127, 4530-4537. 
 
55. Mons, M.; Dimicoli, I.; Tardivel, B.; Piuzzi, F.; Brenner, V.; Millié, P. Site 
 Dependence of the Binding Energy of Water to Indole: Microscopic 
 Approach to the Side Chain Hydration of Tryptophan. J. Phys. Chem. A 
 1999, 103, 9958-9965. 
 
56. Paytakov, G.; Dinadayalane, T.; Leszczynski, J. Toward Selection of Efficient 
 Density Functionals for Van Der Waals Molecular Complexes: Comparative 
 Study of C-H··· and N-H··· Interactions. J. Phys. Chem. A 2015, 119, 
 1190-1200. 
 
57. Dinadayalane, T. C.; Paytakov, G.; Leszczynski, J. Computational Study on C-
 H··· Interactions of Acetylene with Benzene, 1,3,5-Trifluorobenzene and 
 Coronene. J. Mol. Model. 2013, 19, 2855-2864. 
 
58. Heginbotham, L.; MacKinnon, R. The Aromatic Binding Site for 
 Tetraethylammonium Ion on Potassium Channels. Neuron 1992, 8, 483-491. 
 
59. Armstrong, K. M.; Fairman, R.; Baldwin, R. L. The (i,i+4) Phe-His Interaction 
 Studied in an Alanine-Based -Helix. J. Mol. Biol. 1993, 230, 284-291. 
 
60. Cabarcos, O. M.; Weinheimer, C. J.; Lisy, J. M. Competitive Solvation of K+ by 
 Benzene and Water: Cation- Interactions and -Hydrogen Bonds. J. Chem. 
 Phys. 1998, 108, 5151-5154. 
 
61. Cabarcos, O. M.; Weinheimer, C. J.; Lisy, J. M. Size Selectivity by Cation- 
 Interactions: Solvation of K+ and Na+ by Benzene and Water. J. Chem. 





62. Steed, J. W.; Atwood, J. L. Supramolecular Chemistry. 2nd ed., John Wiley & 
 Sons, Ltd., UK, 2009, 340-357. 
 
63. Schulz J.; Vögtle F. Transition metal complexes of (strained) cyclophanes. 
 Weber E. (Ed.), In Cyclophanes. Topics in Current Chemistry, vol. 172,  
 Springer, Berlin, Heidelberg, 1994, pp. 41-86. 
 
64. Pellegrin, M. M, Contribution à l'étude de la Réactio n de Fittig. Recl. Trav. 
 Chim. Pays-Bas. 1899, 18, 457-465. 
 
65. Brown, C. J.; Farthing, A. C. Preparation and Structure of Di-p-Xylylene. Nature 
 1949, 164, 915. 
 
66. Cram, D. J.; Steinberg, H. Macro Rings. I. Preparation and Spectra of the 
 Paracyclophanes. J. Am. Chem. Soc. 1951, 73, 5691-5704. 
 
67. Caramori, G. F.; Galembeck, S. E.; Laali, K. K. A Computational Study of 
 [2.2]Cyclophanes. J. Org. Chem. 2005, 70, 3242-3250. 
 
68. Caramori, G. F.; Galembeck, S. E. Computational Study about Through-Bond 
 and through-Space Interactions in [2.2]Cyclophanes. J. Phys. Chem. A 2007, 
 111, 1705-1712. 
 
69. Frontera, A.; Quiñonero, D.; Garau, C.; Costa, A.; Ballester, P.; Deyà, P. M. Ab 
 Initio Study of [n.n]Paracyclophane (n = 2,3) Complexes with Cations:  
 Unprecedented through-Space Substituent Effects. J. Phys. Chem. A 2006, 
 110, 5144-5148. 
 
70. Orimoto, Y.; Kato, K.; Aoki, Y. Importance of through-Space Interaction of 
 [2,2′]-Paracyclophane-Oligo(P-Phenylenevinylene) Molecular Wires for 
 Photovoltaic Application and Effective Wire Design by Chemical 
 Substitution. J. Phys. Chem. C 2017, 121, 17703-17711. 
 
71. Majerz, I.; Dziembowska, T. Aromaticity and through-Space Interaction between 
 Aromatic Rings in [2.2]Paracyclophanes. J. Phys. Chem. A 2016, 120, 8138-
 8147. 
 
72. Dyson, P. J.; Humphrey, D. G.; McGrady, J. E.; Mingos, D. M. P.; Wilson, D. J. 
 Comparison of the Reactivity of [2.2]Paracyclophane and p-Xylene. J. 
 Chem. Soc, Dalton Trans. 1995, 4039-4043. 
 
73. Caramori, G. F.; Galembeck, S. E. A Computational Study of Tetrafluoro-






74. Wilson, D. J.; Boekelheide, V.; Griffin, R. W. Proton Magnetic Resonance 
 Studies. I. Cyclophanes. J. Am. Chem. Soc. 1960, 82, 6302-6304. 
 
75. O'Connor, J. G.; Keehn, P. M., Cyclophanes. 8. 2.2](1,4)Tropylioparacyclophane 
 Tetrafluoroborate. Synthesis and Charge-Transfer Interaction. J. Am. Chem. 
 Soc. 1976, 98, 8446-8450. 
 
76. Haley, J. F.; Rosenfeld, S. M.; Keehn, P. M. Cyclophanes. 10. Synthesis and 
 Conformational Behavior of [2.2](2,5)Pyrrolophanes. J. Org. Chem. 1977, 
 42, 1379-1386. 
 
77. Wörsdörfer, U.; Vögtle, F.; Nieger, M.; Waletzke, M.; Grimme, S.; Glorius, F.; 
 Pfaltz, A. A New Planar Chiral Bipyridine Ligand. Synthesis 1999, 597-602.  
 
78. Rossa, L.; Vögtle, F.; V. Boekelheide, V.; Tabushi, I.; Yamamura, K.  
 Cyclophanes 1, In Topics in Current Chemistry, Springer, Berlin, 
 Heidelberg, 1983. 
 
79. Bartholomew, G. P.; Bazan, G. C. Bichromophoric Paracyclophanes:  Models 
 for Interchromophore Delocalization. Acc. Chem. Res. 2001, 34, 30-39. 
 
80. Zyss, J.; Ledoux, I.; Volkov, S.; Chernyak, V.; Mukamel, S.; Bartholomew, G. 
 P.; Bazan, G. C. Through-Space Charge Transfer and Nonlinear Optical 
 Properties of Substituted Paracyclophane. J. Am. Chem. Soc. 2000, 122, 
 11956-11962. 
 
81. J. Jones, C. Transition Metals as Structural Components in the Construction of 
 Molecular Containers. Chem. Soc. Rev. 1998, 27, 289-300. 
 
82. Lahann, J.; Höcker, H.; Langer, R. Synthesis of Amino[2.2]Paracyclophanes-
 Beneficial Monomers for Bioactive Coating of Medical Implant Materials. 
 Angew. Chem. Int. Ed. 2001, 40, 726-728. 
 
83. Saigo, K.; Lin, R. J.; Kubo, M.; Youda, A.; Hasegawa, M. A Novel Cyclophane. 
 Host-Guest Complexation and Selective Inclusion of Aromatic Guests from 
 Nonaqueous Solution. J. Am. Chem. Soc. 1986, 108, 1996-2000. 
 
84. Shepodd, T. J.; Petti, M. A.; Dougherty, D. A. Tight, Oriented Binding of an 
 Aliphatic Guest by a New Class of Water-Soluble Molecules with 
 Hydrophobic Binding Sites. J. Am. Chem. Soc. 1986, 108, 6085-6087. 
 
85. Albrecht, M. Dicatechol Ligands: Novel Building-Blocks for Metallo-






86. Shibahara, M.; Watanabe, M.; Iwanaga, T.; Matsumoto, T.; Ideta, K.; 
 Shinmyozu, T. Synthesis, Structure, and Transannular - Interaction of 
 Three- and Four-Layered [3.3]Paracyclophanes. J. Org. Chem. 2008, 73, 
 4433-4442. 
 
87. Diederich, F. Cyclophanes. In Monographs in Spramolecular Chemistry, Vol. 2, 
 Stoddard, J. F. (ed.), Royal Society of Chemistry, Cambridge, U.K, 1991. 
 
88. Das, B.; Abe, S. Designing Cyclophane-Based Molecular Wire Sensors. J. Phys. 
 Chem. B 2006, 110, 23806-23811. 
 
89. Kamya, P. R. N.; Muchall, H. M. New Insights into the Use of (TD-)Dft for 
 Geometries and Electronic Structures of Constrained -Stacked Systems: 
 [n.n]Paracyclophanes. J. Phys. Chem. A 2008, 112, 13691-13698. 
 
90. Mori, T.; Inoue, Y.; Grimme, S. Quantum Chemical Study on the Circular 
 Dichroism Spectra and Specific Rotation of Donor-Acceptor Cyclophanes. 
 J. Phys. Chem. A 2007, 111, 7995-8006. 
 
91. Dodziuk, H.; Szymański, S.; Jaźwiński, J.; Ostrowski, M.; Demissie, T. B.; 
 Ruud, K.; Kuś, P.; Hopf, H.; Lin, S.-T. Structure and Nmr Spectra of Some 
 [2.2]Paracyclophanes. The Dilemma of [2.2]Paracyclophane Symmetry. J. 
 Phys. Chem. A 2011, 115, 10638-10649. 
 
92. Bachrach, S. M. DFT Study of [2.2]-, [3.3]-, and [4.4]Paracyclophanes: Strain 
 Energy, Conformations, and Rotational Barriers. J. Phys. Chem. A 2011, 
 115, 2396-2401. 
 
93. Satou, T.; Takehara, K.; Hirakida, M.; Sakamoto, Y.; Takemura, H.; Miura, H.; 
 Tomonou, M.; Shinmyozu, T. The First Osmium(II), Ruthenium(II) and 
 Iron(II) Complexes of [3n]Cyclophanes (n=2-4): Synthesis and 
 Electrochemical Study. J. Organomet. Chem. 1999, 577, 58-68. 
 
94. Quiñonero, D.; Frontera, A.; Garau, C.; Ballester, P.; Costa, A.; Deyà, P. M.; 
 Pichierri, F. Counterintuitive Affinity of [2.2]Paracyclophane to Cations. 
 Chem. Phys. Lett. 2005, 408, 59-64. 
 
95. Behm, R.; Gloeckner, C.; Grayson, M. A.; Gross, M. L.; Gokel, G. W. 
 Pyxophanes: Selective Gas Phase Ion Complexation by 1,6,13,18-








96. Grützmacher, H. F.; Zorić, S.; Wellbrock, C. Complexation of Transition Metal 
 Ions M+ (M = Fe, Co, Ni, Cu, Zn, Ag) by [2.n]Paracyclophane-Enes (n = 3, 
 4, 5, 6) in the Gas Phase: Effect of the Molecular Cavity on the 
 Complexation Capability11dedicated to Professor N. M. M. Nibbering to 
 Honor His Eminent Contribution to Organic Mass Spectrometry. Int. J. 
 Mass Spectrom. 2001, 210-211, 311-325. 
 
97. Galembeck, S. E.; Caramori, G. F.; Misturini, A.; Garcia, L. C.; Orenha, R. P. 
 Metal-Ligand Bonding Situation in Ruthenophanes Containing Multibridged 
 Cyclophanes. Organometallics 2017, 36, 3465-3470. 
 
98. Salcedo, R.; Sansores, L. E.; Martı́nez, A.; Alexandrova, L.; Garcı́a, M. 
 Manganese (I) Complexes of P-Xylene and [2n] Cyclophanes from a 
 Theoretical Sight. J. Organomet. Chem. 2000, 603, 225-234. 
 
99. Scarso, A.; Onagi, H.; Rebek, J. Mechanically Regulated Rotation of a Guest in 
 a Nanoscale Host. J. Am. Chem. Soc. 2004, 126, 12728-12729. 
 
100. Elz, S.; Kramer, K.; Leschke, C.; Schunack, W. Ring-Substituted Histaprodifen 
 Analogues as Partial Agonists for Histamine H1 Receptors: Synthesis and 
 Structure-Activity Relationships. Eur. J. Med. Chem. 2000, 35, 41-52. 
 
101. Silvestri, R.; Artico, M.; De Martino, G.; Ragno, R.; Massa, S.; Loddo, R.; 
 Murgioni, C.; Loi, A. G.; La Colla, P.; Pani, A. Synthesis, Biological 
 Evaluation, and Binding Mode of Novel 1-[2-(Diarylmethoxy)Ethyl]-2-
 Methyl-5-Nitroimidazoles Targeted at the HIV-1 Reverse Transcriptase. J. 
 Med. Chem. 2002, 45, 1567-1576. 
 
102. Ellis, W. D. Preparation of Diphenylmethane. Simplified Procedure: Purer 
 Product. J. Chem. Educ. 1963, 40, 346. 
 
103. Wei, Q.; Luo, Y.; Zhou, M.; Tao, F.; Zhang, G. One‐Step Synthesis of 
 Diphenylmethanes. Synth. Commun. 2005, 35, 835-843. 
 
104. Barnes, J. C.; Paton, J. D.; Damewood, J. R.; Mislow, K. Crystal and Molecular 
 Structure of Diphenylmethane. J. Org. Chem. 1981, 46, 4975-4979. 
 
105. Miller, R. E.; Stein, S. E. Liquid-Phase Pyrolysis of 1,2-Diphenylethane. J. Phys. 









106. Miranda, M. A.; Pérez-Prieto, J.; Font-Sanchis, E.; Kónya, K.; Scaiano, J. C. 
 Flash Photolysis of 1,3-Dichloro-1,3-Diphenylpropane in Polar Solvents:  
 Generation of a Stabilized -Chloropropyl Cation, Subsequent Formation of 
 a Propenyl Cation, and Nucleophilic Trapping of Both Cations. J. Phys. 
 Chem. A 1998, 102, 5724-5727. 
 
107. East, A. L. L.; Cid-Aguero, P.; Liu, H.; Judge, R. H.; Lim, E. C. Conformational 
 Geometries and Conformation-Dependent Photophysics of Jet-Cooled 1,3-
 Diphenylpropane. J. Phys. Chem. A 2000, 104, 1456-1460. 
 
108. Okamoto, H.; Satake, K.; Ishida, H.; Kimura, M. Photoreaction of a 2,11-
 Diaza[3.3]Paracyclophane Derivative:  Formation of Octahedrane by 
 Photochemical Dimerization of Benzene. J. Am. Chem. Soc. 2006, 128, 
 16508-16509. 
 
109. Nogita, R., et al. Photochemical Study of [33](1,3,5)Cyclophane and Emission 
 Spectral Properties of [3n]Cyclophanes (n = 2-6). J. Am. Chem. Soc. 2004, 
 126, 13732-13741. 
 
110. Lim, C.; Yasutake, M.; Shinmyozu, T. Formation of a Novel Cage Compound 
 with a Pentacyclo[6.3.0.14,11.02,6.05,10]Dodecane Skeleton by Photolysis 
 of [34](1,2,4,5)Cyclophane. Angew. Chem. Int. Ed. 2000, 39, 578-580. 
 
111. Beckmann, J.; Duthie, A.; Reeske, G.; Schürmann, M. Incorporation of Group 
 14 Elements into Siloxane-Bridged Paracyclophanes Cyclo-[p,p’-
 Me2SiC6H4EMe2C6H4SiMe2O]2 (E = C, Si, Ge, Sn). Organometallics 2005, 
 24, 3629-3633. 
 
112. Kohn, W.; Sham, L. J. Self-Consistent Equations Including Exchange and 
 Correlation Effects. Phys. Rev. 1965, 140, A1133-A1138. 
 
113. Jones, R. O. Density Functional Theory: Its Origins, Rise to Prominence, and 
 Future. Rev. Mod. Phys. 2015, 87, 897-923. 
 
114. Tsuzuki, S.; Lüthi, H. P. Interaction Energies of Van Der Waals and Hydrogen 
 Bonded Systems Calculated Using Density Functional Theory: Assessing 
 the pw91 Model. J. Chem. Phys. 2001, 114, 3949-3957. 
 
115. Leverentz, H. R.; Truhlar, D. G. Assessment of New Meta and Hybrid Meta 
 Density Functionals for Predicting the Geometry and Binding Energy of a 
 Challenging System: The Dimer of H2S and Benzene. J. Phys. Chem. A 






116. Pitoňák, M.; Neogrády, P.; R̆ezáč, J.; Jurečka, P.; Urban, M.; Hobza, P. Benzene 
 Dimer: High-Level Wave Function and Density Functional Theory 
 Calculations. J. Chem. Theory Comput. 2008, 4, 1829-1834. 
 
117. Hohenstein, E. G.; Chill, S. T.; Sherrill, C. D. Assessment of the Performance of 
 the M05-2X and M06-2X Exchange-Correlation Functionals for 
 Noncovalent Interactions in Biomolecules. J. Chem. Theory Comput. 2008, 
 4, 1996-2000. 
 
118. Sherrill, C. D.; Takatani, T.; Hohenstein, E. G. An Assessment of Theoretical 
 Methods for Nonbonded Interactions: Comparison to Complete Basis Set 
 Limit Coupled-Cluster Potential Energy Curves for the Benzene Dimer, the 
 Methane Dimer, Benzene-Methane, and Benzene-H2S. J. Phys. Chem. A 
 2009, 113, 10146-10159. 
 
119. Zhao, Y.; Truhlar, D. G. The M06 Suite of Density Functionals for Main Group 
 Thermochemistry, Thermochemical Kinetics, Noncovalent Interactions, 
 Excited States, and Transition Elements: Two New Functionals and 
 Systematic Testing of Four M06-Class Functionals and 12 Other 
 Functionals. Theor. Chem. Acc. 2008, 120, 215-241. 
 
120. Mardirossian, N.; Head-Gordon, M. How Accurate Are the Minnesota Density 
 Functionals for Noncovalent Interactions, Isomerization Energies, 
 Thermochemistry, and Barrier Heights Involving Molecules Composed of 
 Main-Group Elements? J. Chem. Theory Comput. 2016, 12, 4303-4325. 
 
121. Boys, S. F.; Bernardi, F. The Calculation of Small Molecular Interactions by the 
 Differences of Separate Total Energies. Some Procedures with Reduced 
 Errors. Mol. Phys. 1970, 19, 553-566. 
 
122. Spartan’16, 1.1.0; Wavefunction, Inc., Irvine, CA, 2016. 
 
123. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; 
Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H.; Li, 
X.; et al. Gaussian 16 Rev. B.01, Wallingford, CT, 2016. 
 
124. Dennington, R.; Keith, T. A.; Millam, J. M. Gaussview, version 5; Semichem 
 Inc., Shawnee Mission, KS, 2008. 
 
125. Hope, H.; Bernstein, J.; Trueblood, K. N. The Crystal and Molecular Structure of 
 1,1,2,2,9,9,10,10-Octafluoro-[2.2]Paracyclophane and a Reinvestigation of 
 the Structure of [2.2]Paracyclophane. Acta Crystallographica Section B 






126. Grimme, S. On the Importance of Electron Correlation Effects for the - 
 Interactions in Cyclophanes. Chem. Eur. J. 2004, 10, 3423-3429. 
 
127. Lyssenko, K. A.; Antipin, M. Y.; Antonov, D. Y. The Transannular Interaction 
 in [2.2]Paracyclophane: Repulsive or Attractive? ChemPhysChem. 2003, 4, 
 817-823. 
 
128. Walden, S. E.; Glatzhofer, D. T. Distinctive Normal Harmonic Vibrations of 
 [2.2]Paracyclophane. J. Phys. Chem. A 1997, 101, 8233-8241. 
 
129. Canuto, S.; Zerner, M. C. On the Inter-Ring Separation of the Lowest Excited 
 and Ionized States of [2.2]Paracyclophane. Chem. Phys. Lett. 1989, 157, 
 353-358. 
 
130. Shen, T. L.; Jackson, J. E.; Yeh, J. H.; Nocera, D. G.; Leroi, G. E. Fluorescence 
 Excitation Spectroscopy of [2.2]Paracyclophane in Supersonic Jets. Chem. 
 Phys. Lett. 1992, 191, 149-156. 
 
131. Gantzel, P. K.; Trueblood, K. N. The Crystal and Molecular Structure of 
 [3.3]Paracyclophane. Acta Crystallographica 1965, 18, 958-968. 
 
132. Anet, F. A. L.; Brown, M. A. Nuclear Magnetic Resonance Studies of 
 Conformation and Ring Inversion in the [3.3]Paracyclophane System. J. 
 Am. Chem. Soc. 1969, 91, 2389-2391. 
 
 
